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A number of Candida species possess a tRNAS"-like species that recognizes CTG codons that normally
specify leucine (Leu) in the universal code of codon usage. Mass spectrometry and Edman sequencing of
peptides from the secreted aspartyl proteinase isoenzyme (Sapl) demonstrate that positions specified by the
CTG codon contain a nonmodified serine (Ser) in Candida albicans.

Deviations from the universal code have been identified in a
variety of nuclear and mitochondrial genomes in the last 15
years (reviewed in reference 12). Recent analysis of codons
from several Candida species has demonstrated that one of the
universal Leu codons, CTG, is associated with unusual trans-
lational events. Unorthodox tRNAs that recognize the CTG
codon and that are charged in vitro with Ser have been iden-
tified from both the pathogenic fungus Candida albicans (14)
and the distantly related yeasts C. cylindracea (20) and C.
maltosa (15, 21). These tRNAs show extensive homology to
tRNAS®" species from these and other yeasts yet contain a
CAG anticodon, while a tRNA™" that recognizes the CTG
codon has not been identified (15, 16). The CTG Ser codon has
been identified, by in vitro translation and tRNA sequencing,
in 6 of 14 yeast species, including C. albicans, C. cylindracea, C.
melibiosica, C. parapsilosis, C. rugosa, and C. zeylanoides (11).
Recently, the introduction of a tRNA™" recognizing the CTG
codon was found to be toxic in C. albicans (6).

The amino acids incorporated at CTG codons have not been
extensively characterized. In C. cylindracea, sequence analysis
of a cDNA for secreted lipase 1 revealed 19 CTG codons which
appear to specify Ser, as determined by partial amino acid
sequencing of the isolated protein (5). In C. albicans, the in-
corporated amino acid has not been identified, although the
addition of the unusual tRNAS" from C. albicans to in vitro
translation reaction mixtures results in proteins with slower
than expected mobilities on sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) (13, 14, 17). While
multiple Ser residues can decrease the relative mobility of
proteins (2), it is unlikely that the replacement of one or two
Leu residues with Ser during in vitro translations would result
in the mobility differences seen, suggesting that a modified or
nonstandard amino acid may be incorporated by the CTG
tRNAS" in C. albicans. Alternatively, this tRNAS" may have
an unusual effect on translational initiation or elongation in the
in vitro reactions (14). The low frequency of CTG codons in
genes from C. albicans (one or two per gene) in comparison
with the frequency in genes from C. cylindracea (19 per gene)
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would be consistent with the incorporation of a modified or
nonstandard amino acid in C. albicans proteins.

During our analysis of the SAP gene family, we noticed that
SAPI and SAP7 contain CTG codons (Table 1). While condi-
tions which induce expression of the SAP7 gene have not been
detected (3), the SAPI gene is transcribed in the O cell type of
strain WO-1, as determined by Northern (RNA) blot analysis
of total RNA (7, 9, 10). Both SDS-PAGE and isoelectric fo-
cusing of culture supernatants from O cells can be used to
resolve at least three different Sap isoenzymes, including Sap1
(18). The differences in electrophoretic mobility of the three
isoenzymes cannot be explained by the primary sequence (18),
suggesting that differences may be due to the incorporation of
nonstandard or posttranslationally modified amino acids. Se-
quence analysis of both of the alleles of the SAPI gene from
strain WO-1 shows that both alleles include the CTG codon,
and S1 analysis shows that both alleles are expressed (7).

To identify the amino acid specified by CTG in C. albicans,
we isolated large quantities of Sapl from C. albicans for pep-
tide analysis. Undiluted culture supernatant from O cells
grown in proteinase-inducing medium (YCB-BSA) contains
Sapl, -2, and -3 (18). The supernatant was isoelectrically fo-
cused in a Rotofor (as previously described) (18), and fractions
shown to contain the Sapl protein by immunoblotting were
electrophoresed through preparative SDS-8% PAGE. The
Sapl protein band was excised from the gel, electroeluted,
lyophilized, suspended in buffer, and acetone precipitated.
This purified Sapl protein was digested to completion with
endoproteinase Asp-N (3.2 pg/pl, enzyme/substrate ratio =
1:18.25; Boehringer Mannheim) in 100 mM NH,HCO;, pH
7.8, at 37°C for 18 h. The resulting peptides were separated and
mass analyzed by liquid chromatography-mass spectrometry
(LCMS). The C,4 LC eluate was run through a UV detector
(ABI model 783A), and subsequently the flow was split, with
10 pl going to the mass spectrometer (Fisons Platform; Fisons,
Manchester, United Kingdom), equipped with an electrospray
source, and the rest being collected for protein sequencing.
The data were acquired and processed by using MassLynx
software. Sequence analysis of peptide fractions was per-
formed on a gas phase sequencer (ABI model 470A) equipped
with an on-line PTH analyzer (ABI model 130A) (1).

The Asp-N digestion of the Sap1 protein results in a peptide,
positions 235 to 243 of the mature protein, that contains the
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TABLE 1. Leu codon usage in the SAP genes of C. albicans
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TABLE 2. Expected and observed peptide characteristics

Frequency of Leu codon:
Gene* Total
CTG CTA CTC CTT TTA TTG

SAP1 1 2 9 11 9 32
SAP2 8 16 9 33
SAP3 9 13 9 31
SAP4 2 8 14 8 32
SAPS5 3 8 13 8 32
SAP6 3 8 13 9 33
SAP7 3 2 6 19 13 43
Total 4 0 12 56 99 65 236

“ References for gene sequences are as follows: SAPI, reference 4; SAP2, 19;
SAP3, 18; SAP4, 7, SAP5, SAP6, and SAP7, 8.

CTG-encoded amino acid at position 243 (4). The UV trace
and total ion current trace of the peptides are shown in Fig.
1A. The average molecular mass of the CTG amino acid-
containing peptide is expected to be 1,034.2 Da if it contains
Leu and 1,008.1 Da if it contains Ser. The LCMS trace does
contain a peptide fraction (fraction 21 retention time, 51 min)
with a measured average molecular mass of 1,008.1 Da (Fig.
1B) and does not contain a fraction with a mass of 1,034.2 Da,
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FIG. 1. (A) The top panel shows a UV trace at 215 nm of LCMS of Sapl
protein digested with the endoproteinase Asp-N. The x axis represents the
retention time (rt) in minutes. The y axis represents the percent relative intensity
compared with the intensity of the most intense peak. Numbers above peaks
indicate peak retention times. The bottom panel shows an MS total ion current
trace. The x axis represents the retention time in minutes, adjusted for the lag
between UV scanner and MS. The y axis represents the percent relative intensity
compared with the intensity of the most intense peak. Numbers above peaks
indicate peak retention times. (B) Spectrum of fraction 21 showing the doubly
(A2) and singly (A) charged ions of the 1,008.1-Da peptide. The x axis represents
the mass-to-charge ratio (m/z) expressed as daltons/e (e = change of an elec-
tron). The y axis represents the percent relative intensity compared with the
intensity of the most intense peak.

Peptide and parameter M(ZL:;" Peptide sequence”
CTG amino acid containing (235-243%)
Predicted for Leu 1,034.2 DAFQAELKL
Predicted for Ser 1,008.1 DAFQAELKS
Fraction 21 1,008.1 DAFQAELKS
CTC amino acid containing (196-202")
Predicted for Leu 788.0 ITLNSLK
Predicted for Ser 761.9 ITLNSSK
Peptide mixture 788.2° ITLNSLK.... ¢
1,111.3  YTSASNIAALT

12395 ... ONLGTP

“ Predicted molecular weights and sequences were based on the gene se-
quence. Actual values (fraction 21 and peptide mixture) for molecular weights
were determined by MS as the means of two or more determinations. Actual
peptide sequences were determined by Edman sequencing. Residues of interest
are underlined.

b Amino acid coordinates based on predicted sequence of mature protein.

¢ Fraction contained peptides with three different molecular weights.

4 Peptide sequences contained several different amino acids in each position,
as shown.

suggesting that fraction 21 contains the peptide in which posi-
tion 243 is Ser. The Edman sequence analysis of this fraction
(Table 2) confirms that the 1,008.1-Da species is the predicted
peptide containing a Ser residue at position 243. The above-
described analysis demonstrates that the Ser is not modified in
vivo, as a covalent modification would result in a peptide with
an altered mass and the modification would be detected in the
sequence analysis. A minor amino acid species at position 243
was identified as Leu by Edman sequencing, although its pres-
ence is most likely the result of trailing from Leu at position
241.

The SAPI gene also includes two CTC codons (Table 1),
which normally encode Leu. One of these codons (position 201
of the mature protein) was also analyzed by LCMS and Edman
sequencing. Peptides were prepared by double digestion with
endoproteinase Asp-N and trypsin. The peptide of interest
(positions 196 to 202) is expected to be 788.0 Da if it contains
a Leu and 761.9 if it contains a Ser at position 201 (Table 2).
A column fraction was identified which contains a mixture of
three peptides, 788.2, 1,111.3, and 1,239.5 Da. The identifica-
tion of a 788.2-Da peptide suggests that a Leu residue is found
at position 201. To confirm this identification, the fraction was
rechromatographed in a shallower gradient, which reduced the
levels of the 1,111.3-Da species. Edman sequencing of the
fraction gave a mixed sequence (Table 2), in which the pre-
dicted sequence of the peptide at positions 196 to 202, includ-
ing the Leu at position 201, could be identified. No Ser was
identified at this position. A second sequence can be identified
that corresponds to the 1,111.3-Da contaminating peptide.
Traces of other amino acids could also be identified from the
analysis (Table 2). The identification of the 788.2-Da peptide
and the amino acid sequencing showing Leu at position 201
demonstrate that this CTC codon encodes Leu.

Our results show that the CTG codon in C. albicans is
translated in vivo to encode a nonmodified Ser, which is ap-
parently unaltered during secretion of the Sap isoenzyme. Our
previous analyses of SAPI gene sequences, which identified
CTG codons in both alleles, and our S1 analysis, which dem-
onstrated expression of both alleles, show that the Ser residues
in the protein are encoded by the CTG codons in the gene (7).
The related leucine codon, CTC, encodes leucine in the Sapl
protein as expected. This is the first identification of the amino
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acid encoded by the CTG codon and translated in vivo in C.
albicans. Similar analyses have been performed in very few
other Candida species known to contain altered CTG codons
(5, 15). The presence of nonmodified Ser in these organisms
suggests that the CTG might encode Ser in all species in which
CTG codons are altered.

The identification of serine residues in peptides from the
lipase 1 gene of C. cylindracea (5) was the first analysis of
proteins translated in vivo from species which contain the
unusual CTG tRNAS®", Unlike the current study, in which both
alleles of the SAPI gene have been sequenced (7), the com-
parison of the lipase protein and cDNA sequences did not
include an analysis of both alleles of the lipase gene (5), raising
the possibility that allelic differences might have explained the
Leu-Ser differences. The only other in vivo amino acid analysis
used DNA transformation of C. maltosa to introduce plasmids
overexpressing a cloned cytochrome P-450 gene containing a
CTG codon (15).

The identification of Ser residues at these protein positions
does not explain the unusual mobilities of the Sap isoenzymes
(18), especially the mobility of Sap2, which does not contain
CTG codons, nor does it explain the slower mobilities of pro-
teins translated in vivo in the presence of these tRNAS" spe-
cies which recognize CTG codons.

It is likely that the CTG codon originally encoded a Leu and
that in an ancestor of these related Candida species a tRNA™"
was replaced with a modified tRNAS®", We have looked for
indirect evidence of that substitution by inspecting the location
of CTG codons in highly conserved proteins (e.g., calmodulin).
In each case that we have examined, the CTG codon was
located in a nonconserved region of the protein, and neither
Leu nor Ser residues were present at that position in other
species (data not shown).

The identification of Ser as the translation product of CTG
codons is important for the development of molecular genetics
in C. albicans. The function of foreign gene sequences appears
to be profoundly affected by the presence of CTG codons in
the gene, as evidenced by the inability of standard reporter
genes from heterologous sources to function in C. albicans
(17a) and in C. maltosa (15, 21). The replacement of nonpolar,
hydrophobic Leu amino acids for noncharged, polar Ser resi-
dues would most likely disrupt the three-dimensional folding
of the protein and may perturb key amino acids necessary for
function. Similar alterations will occur when Candida genes are
expressed in other organisms (21), although the low frequency
of CTG codon usage (Table 1) should mitigate those effects.
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